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ABSTRACT
The plane strain threshold stress intensity and sustained stress flaw
growth rates were experimentally determined for 6AI-4V S.T.A.
titanium forging and weldments in environments of Freon TF at
room temperature. Sustained load tests of surface flawed speci-
mens were conducted with the experimental approach based on
linear elastic fracture mechanics. It was concluded that sustained
stress flaw growth rates, in conjunction with threshold stress intensi-
ties,  can be used in assessing the service life of pressure vessels.
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FOREWORD
The discovery of apparently low thresholds of 6AI-4V titanium in a
Freon TF environment prompted NASA/MSC Houston, Texas, to initiate
a study aimed at determining the sustained load flaw growth character-
istics of actual tank materials and test fluids. NASA requested the
Space Division of The Boeing Company to conduct this investigation.
This work was performed under NASA Contract NAS 9-8809 during the
period from January 17, 1969 to April 25, 1969, and the results are
reported herein. The work was administered under the direction of
Mr. G. M. Ecord at NASA/MSC.
Boeing personnel who participated in this investigation include C. F. Tiffany,
Program Manager, J. N. Masters, Program Supervisor and W. D. Bixler,
Technical Leader. Structural testing of the specimens was conducted by
A. A. Ottlyk.
The information contained in this report is also released as Boeing Document
D2-121080-1.
SUMMARY
The objective of this program was to determine the plane strain threshold
stress intensity and sustained stress flaw growth rates of 6A1-4V S.T.A.
titanium forging and weldments in a Freon TF environment. Sus}ained load
tests were performed on one forging and five different weldments using
Freon TF supplied 1 )m two different sources. All of the tests performed
were used to determine thresholds while some of the same test specimens
were instrumented to determine flaw growth rates under sustained loading.
Results of these tests indicated that the threshold is equal to or greater
than 0.59 for the forging material and most weldments investigated except
one, which exhibited a low threshold of 0.46 for some unexplained reason.
The thresholds also appear to be independent of the batch of Freon TF tested.
It was found that specimen curvature caused by welding distortion resulted in
some apparent low thresholds, but normal values were obtained by using
specimens straightened prior to testing. Of the several material/environment
combinations tested, it was found that flaw growth rates tend to quickly
reach a maximum value once the threshold is exceeded. This maximum value
appears to be relatively independent of the environment, regardless of the
actual threshold stress intensity.
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1.0 INTRODUCTION
Th;s experimental investigation was undertaken to determine the threshold
stress intensity and sustained stress flaw growth rates of 6AI-4V S.T.A.
titanium forging and weldments in a Freon TF environment. Six different test
phases were conducted with test results as indicated below:
TEST	 MATERIAL
TEST RESULT
SUSTAINED STRESS
PHASE	 DESCRIPTION THRESHOLD FLAW GROWTH RATES
I	 Forging X -
11	 Repair Weld X X
III	 G2 Repair Weld X -
1V	 G4 Virgin Weld X X
MSC Specimens
V	 G3 Virgin Weld X X
VI	 G1 Virgin Weld X -
In conjunction with this testing, an attempt was made to determine if Freon TF,
supplied from two different sources, had the same effect on the flaw growth
characteristics of 6A1-4V S.T.A. titanium. The data developed in this program
can be used to assess the structural adequacy of Apollo Service Module propellant
tanks as presented in Appendix B.
PRECEDING FAGE BLANK NOT FILMED.
2.0 TECHNICAL DISCUSSION
2.1 BACKGROUND
The minimum service lives of high strength metallic pressure vessels can be
estimated by first assuming failure is caused by pre-existing flaws and then
applying the principles of linear elastic fracture mechanics. Failure from a
flaw is caused when the stress intensity at the flaw tip reaches a critical value,
which is a material property called fracture toughness. The stress intensity is
a function of flaw size and applied stress level. Critical stress intensity can
therefore be obtained with eithL; increases in flaw size or stress level. Flaw
size changes are a result of subcritical flaw growth caused by cyclic stresses
and/or sustained stresses in an aggressive environment. For subcritical flaw
growth due to sustained stresses in aggressive environments, there appears to be
a threshold stress intensity below which no flaw growth takes place.
Knowledge of stress intensity factor and sustained stress flaw growth rates can be
used to estimate the service life of high strength pressure vessels. The more
important factors involved are discussed in the following paragraphs.
2.2 STRESS INTENSITY FOR SURFACE FLAWS
An approximate solution for stress intensity around the periphery of a semi-
elliptically shaped surface flaw in a finite thickness plate subjected to a tensile
stress perpendicular to the flaw plane was first proposed by Irwin (1 ^, Irwin's
expression was
1/4
K I = 1,1 ^^ Q (a/Q)1 /2	 2	 [ a2 cos2 	 + c2 si n2
c
where
is the applied tensile ;tress,
d c are the semiminor and semimanor axes of the flaw,
c cos 0 and y = a sin 4) are the parametric equations of the
periphery
f ra/c, Q/Q ys J) is included in Figure I.L
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flaw
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The maximum value of K  occurs at the end of the semiminor axis, or flaw
tip, and has the value
K I max	 1.1 ^F a (a/Q)1 /2
Other approximate solutions for semi-elliptically surface flaw stress intensity
have been provided by Kobayashi (2) and Smith (3) . The Kobayashi solution
took the form
K I max = 1.1 MK ,/7 a (a/Q)1 /2
where MK was a function of a/t and a/ ays, and was considered valid for
smal! a/2c values and flaw depths up to about seventy percent of the plate
thickness.
Values of MK for a/a ys = 0.4 seemed compatible with test data for heat
treated titanium and are included in Figure 2. The Smith (3) solution took the
form
K I max = 1.1 Ms J FT a (a/Q)1 /2
where Ms is a function of a/2c and a/t. The Smith estimate is considered accur-
ate for semicircular flaws (i.e., a/2c = 0.50) and !s also shown in Figure 2.
The solution used by NASA/MSC takes the `orm
K  max - 1.1 M MSC TI-7a(a/Q)1/2
where MMSC 's a function a/2c and a/t as shown in Figure 3. The MSC esti-
mate is an attempt to cover the range of a/2c values between zero and 0.5
by incorporating the solutions provided by Kobayashi and Smith.
An approximate stress intensity value for surface flaws subjected to a combination
of tension and bending stresses can be expressed
K I = 1.1 P5, a  (a/Q)1/2 MK + M B ^ Tr aB (a/Q)1/2
4
where
	 C  is the applied tensile stress,
aB is the applied bending stress,
and	 MB is a function of a/2c and a/t.
Values or M B are presented in Figure 4.
2.3 SUSTAINED STRESS FLAW GROWTH
The most important single result obtained from sustained stress testing of cracked
specimens is the observation of an apparent threshold stress intensity below which
flaw growth does not seem to occur. Where flaw growth is due to stress corrosion,
this apparent threshold value is designated by Klscc' A striking example of this
okservation was provided by Brown and Beachem (4)
 who explored the consistency
in sustained stress crack growth test results using three different specimen types,
the center cracked and surface flawed plate and the precracked cantilever beam.
For 4340 steel in dilute NaCI solution, the same Klscc value was obtained from
all three specimens as illustrated in Figure 5. The three specimen types did
yield differences in failure time at a given K Ii level.	 This result is due to the
different functional dependencies of the stress intensity upon crack length for the
three pecimens. The shortest failure times were observed for the precracked
cantilever beam which has the most rapid increase of stress intensity with crack
length; the longest failure times were observed for center cracked specimens for
which the rate of increase of stress intens i ty with crack length is the least.
Sustained stress crack growth has been observed in chemically inert environments.
Johnson (5) has reported subcritical flaw growth over a substantial range of stress
intensity for AM350 in a perified argon environment. The test results have
shown that crack growth behavior in inert environments differs from that in aggres-
sive environments. In aggressive environments, crack growth rates increase monoton-
ously with increasing stress intensity(6,7, 8, 9, 10) 	 In inert environments, the crack
growth rate initially decreases with increasing stress intensity (Figure 6).
	 If the
initial	 stress intensity	 is	 sufficiently	 low, the crack may halt. At higher stress
intensities,	 the crack growth rate passes through a minimum and then increases
5
steadily to a point of instability. This behavior was also noted by Lorenz (11)
who defined two threshold stress intensities for 5A1-2.5Sn(ELI) titanium and
2219-T87 aluminum in the environment of room air, liquid nitrogen, and liquid
hydrogen. The one threshold stress intensity was defined as that value above
which growth could be expected to occur without resulting in failure. A higher
threshold stress intensity was defined as that value above which growth to failure
could be expected.
Relationships between environmentally induced crack growth rates and stress
intensity have been explored by a number of investigators (b, 7, 8, 9, 10) 	 Corre-
lations have been established for both high strength steels and titaniums. It
appears that unique relationships exist between sustained stress crack growth rate
and stress intensity for given material/environment combinations, but that the
relationships differ not only quantitatively but qualitatively from one materiel/
environment combination to another, and between relatively aggressive and inert
environments.
2.4 FLAW OPENING DISPLACEMENTS
The growth of surface flaws can be monitored by measuring the maximum flaw
opening displacements occurring at the specimen surface and on the flaw centerline.
An expression for the opening displacements of a completely embedded elliptical
flaw was provided by Green and Sneddon (12) . The flaw, embedded in an elastic
solid was subjected to a uniform load normal to the crack surface at infinity.
The maximum opening displacement occurs at the diametrical center of the crack
and is expressed by the equation
4 (1 - µ 2)	 Cr a
E
Although a rigorous solution is not available for flaw opening displacements for a
semi-elliptical surface flaw, such displacements should also be proportional to Cr
and a/4) for elastic materials. By following Irwin's procedure ()
 to account for
the effect of plastic yielding, the flaw opening displacement for a surface flaw
6
can be opproximated by
F = C o a/Q 1/2
where C is a constant. If F can be measured and C determined, values of
a/Q 1/2 can
 
be computed. To achieve this, a strain gage can be placed over
the center of the crack on the specimen surface. The strain recorded by such
1 %2
a gage is proportional to the flaw opening displacement and hence to a; Q
	 .
The value of C can be determined from knowledge of initial flaw size and the
rate of change of the flaw opening displacement with respect to the change in
stress obtained during initial specimen loading by the expression
d F /dt	
Q 1'^2
C	 d a /dt x	 a	 initial
7
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3.0 MATERIALS
3.1	 TITANIUM
The 6A14V titanium forging and weldments used in fabricating the test specimens
were obtained from actual Apollo Service Module propellant tanks and were sup-
plied by NASA/MSC Houston, Texas. All weldments were taken from transverse
tank welds. The material used for each test phase is indicated below:
•
TEST
PHASE
MATERIAL
DESCRIPTION ORIGIN
I Forging SPS Tank
(S/N not supplied)
II Repair Weld SPS Tank
(S/N not suppl ied)
III G2 Repair Weld SPS Tank
S/N 10
IV G4 Virgin Weld SPS Tank
MSC specimens (S/N not supplied)
V G3 Virgin Weld SPS Tcnk
S/N 23
(Cyl.
	
to Dome)
VI G1 Virgin Weld SPS Tank
S/N 23
(Dome to Cy I . )
The virgin welds are nonrepaired welds.
3.2	 TEST FLUIDS
The sustained load tests were conducted using Freon TF that was obtained from
two different sources. NASA/MSC Houston, Texas supplied Freon TF on
January 17, 1969, which was used by North American Rockwell in actual cold
flow testing of Service Module propellant tanks. Two separate batches of
North American Freon TF (NRTF) were used; one from an oxidizer tank supply
reservoir, and the other from a fuel tank supply reservoir. The other source of
Freon TF was Grumman. The Grumman Fre=-7n TF (GTF) was supplied from their
cold flow facilities on April 12, 1968.
9
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4.0 PROCEDURES
4.1
	 SPECIMEN FABRICATION
Precracked surface flaw specimens were used for all static toughness and sus-
tained load tests and were machined to the configurations illustrated in Figure 7.
Overall dimensions of the specimens were tailored to the size and shape of
available material and ex;sting testing equipment. The longitudinal axes of the
specimens were parallel to the longitudinal axes of the cylindrical tank segments
from which they were cut so that the specimens were slightly curved in the trans-
verse directions. Since all weldments investigated had transverse welds, the
specimens machined from them hac welds oriented perpendicular to the direction
of load application. The welded specimens fabri---ated at Boeing were machined
to a uniform thickness in the weld area, eliminating the weld beads and any ex-
cessive weld joint material. At this stage of specimen fabrication, the specimen
exhibited a definite longitudinal curvature in the form of "peaking" in the weld
area. Some specimens in the curved configuratiu . vere used in Phase II testing.
All otter welded specimens were straightened by applying a localized bending
moment outside the weld niea. The material in the area which would contain
the surface flaw was riot strained.
The surface flews were located on the inside of the tank curvature and were
oriented perpendicular o the direction of load application. The flaws put in
welded specimens were located 0.03 inches outside the weld fusion line except
the welded specimens used in Pha:,e III testing.
	
Phase III testing used specimens
with flaws located on the weld centerline, weld fusion line and 0.08 inches out-
side the weld fusion line. Flaws were made by electric discharge machining (EDM)
a starter notch and extending the notch by low stress/high cycle tension -tension
fatigue. The `atigue extension was accomplished at a maximum gross stress of
30 ksi at 1800 cpm. From 3,000 to 16,000 cycles were required, c'-^pending upon
the *, nitial notch dimensions. All precracking was done in air at room temperature.
For phase IV testing, machined specimens containing surface flaws were obtained
NUMMOO-W so, mold	 M IN
from NASA/MSC which also exhibited "peaking" in the weld areas. All but
two specimens were straightened using the some procedure used in straightening
the Boeing machined specimens. The material within 0.25 inches of the surface
flaw was not strained due to straightening.
4.2 SPECIMEN INSTRUMENTATION
The specimens used to determine sustained load flaw growth rates were instru-
mented as illustrated in Figure 8. Mounting platelets were micro-spot-welded
to the specimen surface so that the relative displacement of the platelets would
be the same as the maximum flaw opening displacement. A single stand con-
stantan wire strain gage with a one inch gage length was partially bonded to the
platelets using Duco cement. The unbonded length was maintained at 0.25 inches
in all cases.
4.3 FLAW GROWTH TEST SETUPS
The instrumented specimens were tested in a 60 kip, intermediate range, hydrau-
lically actuated, dynamic testing machine as illustrated in Figure 9. Loads were
applied using a ramp programmer with the targeted loads of about 5000 Ibs being
applied at a loading rate of about 800 Ibs per second. Sustained loads were
controlled to an accuracy of + 0.5 percent by the test machine servo system.
Load cell output was continuously monitored so that fine manual adjustments could
be made to control the load within + 15 lbs. Cnntinuous recordings of load versus
time and flaw opening strain versus time were obtained using an oscillograph. A
schematic of the instrumentation setup is :icluded in Figure 10. Schematic repre-
sentations of oscillograph recordings are illustrated in Figure 11. The recordings
were made using a load scale of 1.0 inch = 4000 Ibs and a flaw opening strain
scale of i.0 inch = 4000 micro-inch/inch. At the onset of a test, the time
scale of 1.0 inch = 1.0 second was used; if excessive flaw opening strains did
not result within the first few minutes, the time scale was reduced to 1.0 inch = 20
seconds.
The non-instrumented specimens were loaded in 10,000 lb dead-load creep machines
illustrated in Figure 12. Freon TF containment for instrumented and non-instrumented
12
specimens was accomplished by encompassing the specimen: with a polyethylene
container as shown in Figure 13. After securing the wrapped specimens in the
testing machine grips, 30 cc of Freon TF was injected into the container with
c: hypodermic needle. For tests requiring the addition of water to the Freon TF
in an effort to saturate it, about 5 drops of water were added.
4.4 EXPERIMENTAL APPROACH FOR SUSTAINED LOAD TESTS
The instrumented specimens were used to determine the threshold stress intensity
and sustained load flaw growth rates whereas the dead-loaded non-instrumented
specimens were .r yd only to determine the threshold stress intensity. The approach
used to define tree threshold stress intensity is shown schematically in Figure 14.
After determining the fracture toughness for a given material, the first surface
flawed specimen was loaded to a target stress intensity level less than critical
(i.e., an initial stress intensity value, K I d - The non-instrumented specimens
were held at constant load until failure or for a maximum of approximately 48
hours. The instrumented specimens were generally held at constant load until
either failure, imminent failure (indicated by the flaw opening strain) or for a
maximum of about 1.3 hours. If failure did not occur, the specimen was low-
stress cycled in air to mark the flaw front, and then pulled to failure. Evidence
of sustained load growth was then observed by a separation between the initial
fatigue crack extension and that of the final marking. With either failure or evi-
dence of growth in the first specimen, subsequent specimens were loaded at
successively lower K li values until neither failure nor growth took place.
Sustained load flaw growth rates were obtained from the flaw opening strain data
generated in defining the threshold stress intensity. Some instrumented specimens
were held at a constant load for a predetermined time and if there was no flaw
growth indicated by the flaw opening strain, the load was increased. Further
increases in load were applied in a step-.vise fasion until flaw growth was observed.
13
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5.0	 TEST RESULTS
5.1 FRACTURE TOUGHNESS
The plane strain fracture toughness values were determined for the forging,
repair weld, G3 virgin weld and U1 virgin weld material using the stress
intensity solution offered by Kobayashi and presented in Section 2.2. The
values obtc ned for each specimen tested are presented in Table I. The
fracture toughness of the G2 repair weld was assumed to be 44 ksi in. The
G4 virgin weld fracture toughness was supplied by NASA/MSC as being 43.1
ksi i in. This value was based on the stress intensity solution used by NASA/
MSC which is described in Section 2.2. 	 A yield strength of 150 ksi was
assumed for all materials except the repair weld which was estimated t-j be
100 ksi based on load strain data obtained from tensile tests. This reduced
repair weld yield strength could have resulted in suppressed fracture toughness
val ues.
5.2 THRESHOLD STRESS INTENSITY
The calculation of stress intensities fir all of the specimens, except those
fabricated from t4a G4 virgin weldment, were based on the stress intensity
solution offered by Kobayashi. With the G4 virgin weld specimens, fabricated
by NASA/MSC, the NASA/MSC stress intensity solution was used. The results
of the sustained load tests are plotted in Figures 15 through 23. Th, data is
presented as a stress intensity ratio versus sustained time. The stress intensity
ratio is the applied initial stress intensity divided by the respective average
fracture toughness. From the experience gained in observing flaw opening strain
as related to flaw growth, the assumption was made as to whether growth did or
did not occur at each load level of the step loaded specimens. These results
are also includ,.d in the presentation of sustained load test data. A summary
of the sustained4 load thresholds is presented below:
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TEST
PHASE
MATERIAL
DESCRIPTION
S PE- CIMEN
CONFIG. THRESHOLD ENVIRONMENTS
I Forging Straight 0.59 NRTFO
GTF
II Repair Weld Straight 0.59 NRTFO
NRTFF
GTF
NRTFO + WATER
NRTFF + WATEP.
Curved > 0.55 NRTFO
NRTFF
III G2 Repair Weld Straight 0.59 NRTFF
IV G4 Virgin Weld Straight 0.46 NRTFF
MSC Specimen
Curved < 0.38 NRTFF
MSC- Specimen
V G3 Virgin Weld Straight 0.59 NRTFF
GTF
VI G1 Virgin Weld Straight 0.63 GTF
NRTFO =	 North American Rockwell '= reon TF (oxidizer)
NRTFF = North American Rockwell Freon TF (fuel)
GTF	 = Grumman Freon TF
Tables 11 through IX present the sustained !oad test results for each specimen
tested. The amount of growth is also indicated for each specimen in these
tabl es.
5.3 SUSTAINED LOAD FLAW GROWTH RATES
Sustained load flaw growth rates were obtained from instrumented specimens
that were tested during Phases li, IV, and V of the program by using a digital
computer. Only those specimens which had uniform sustained growth are pre-
sented because the analysis was based on a solution for stress intensity of a
semi-elliptical flaw and assumed the flaw periphery extended in a semi-elliptical
fashion. Primarily, specimens which had only been loaded once and indicated
growth are presented. However, the effect of increasing load (after being held
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at constant load for some time and not showing growth) is demonstrated with
a few represenratiNc specimens. All specimens for which growth rates were
calculated were straightened prior to testing. The procedure by which the
growth rates are determined is presented in the form of on example in
Appendix A.
he sustained load `law growth rates for eleven specimens exposed to a Freon
TF environment are presented in Figures 24, 25, and 26. Two of the specimens
(G4CP 30 and WG3-8) were step loaded. For purposes of determining the nature
of sustained load flaw growth rates, two additional specimens were tested in a
methanol environment and are presented in Figure 26. Pertinent data for each
specimen analyzed is shown in Tables V, VII, and Vi l l . An envelope of each
distinct group of flaw growth rate data obtained is presented in Figure 27.
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6.1 EFFECT OF BENDING ON STRESS INTENSITY
The significance of the curvature caused by welding was investigated to deter-
mine the effect, if any, on the plane strain stress intensity. An unflawed
specimen was instrumented with back-to-back strain gages mounted on the weld
nugget centerline and oriented along the longitudinal axis of the specimen.
This instrumented specimen was fabricated from the repair weldment and is shown
in Figure 28. The specimen was axially loaded in one kip increments untii
failure occurred. The amount of elastic bending moment present as a function of
applied load was calculated and is also shown in Figure 28. Significant weld
yielding was observed between two and three kip axial load, indicating a yield
strength of about 100 ksi for the repair weldment. This conclusion was also sup-
ported by the ultimate strength of 123 ksi for this specimen plus a surface flawed
specimen which failed outside the flaw in the weld area at 116 ksi. A maximum
bending moment of 14 in Ibs was observed in the instrumented specimen. This
translates into approximately 28 ksi bending stress.
In order to ascertain the importance of the bending observed, a hypothetical case
was analyzed. It was assumed that a typical curved specimen with a surface flaw
was +argeted for a stress intensity ratio (Kli/Klc) of about 0.50 based on only an
axial stress contribution to the stress intensity. Utilizing the approximate solution
for stress intensity incorporating bending (see Section 2.3) and assurning a bending
equal to the maximum obtained from the instrumented specimen, a combined stress
intensity ratio of 0.60 resulted. This is a 20 percent increase and suggests that
bending could significantly affect the stress intensity. This hypothetical case
probably represents the most severe situation, with the bending moment being smaller
in most cases, although the effect of bending moment on stress intensity, percentage
wise, is probably greater at lower targeted stress intensities (based on axial stress
only).
It is believed that this phenomena was observed in testing the NASA/MSC fabri-
cated specimens. The straightened specimen, indicated a threshold stress intensity
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of 0.46 whereas the curved specimen indicated less than 0.38 (17 percent
reduction). These results are presented in Figures 20 and 2!. No discern-
ible difference was noticed between the curved and straightened specimens
fabricated from the repair weldment as indicated by Figures 17 and 18. In
the case of these curved specimens, the lower yield strength probably permitted
straightening at relatively low stresses and thereby eliminating the effect.
It is interesting to note that plane strain fracture toughness obtained from a
curved specimen would probably not be affected if the flaw was located outside
the fusion line as was the case in this program. A curved specimen would yield
in the weld nugget upon reaching the yield strength, deforming the specimen
into a near straight configuration. This in turn would result in a near uniform
stress distribution in the area of the flaw and consequently the initial curvature
would have negligible effect on the fracture toughness.
6.2 THRESHOLD STRESS INTENSITY BEHAVIOR
Out of the six different 6AI-4V titanium materials investigated, five of them
demonstrated a threshold stress intensity ratio (K TH/K IC) of 0.59 or greater in an
environment of Freon TF. This included the forging, repair weld, G2 repair
weld, G3 virgin weld, and G1 virgin weld. Only the G1 virgin weld indicated
a higher KTH/Klc at a value of 0.63 based on a very limited number of specimens
(total of four). The only material to exhibit a K TH/K lc less than 0.59 was the
NASA/MSC G4 virgin weld fabricated specimens which yielded a 0.46 threshold.
The reason why these specimens demonstrated a low threshold was not investigated
in this program. Possible areas of interest in explaining this low threshold would
be metallurgical differences or the specimen preparation procedures. All of the
results cited ore based on the use of straightened specimens in an effort to eliminate
the bending effects discussed in Section 6.1.
The effects of various Freon TF's on the threshold of three different titanium
materials was investigated. The different Freon TF's includes fluid obtained from
North American Rockwell (extracted from oxidizer and fuel tanks) and Grumman.
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A water saturated North American Rockwell Freon TF was prepared and tested
with one weldment. The three titanium materials included the forging, repair
weld and G3 virgin weld. No noticeable difference was obtained from any of
these fluid and material combinations exhibiting a 0.59 threshold.
The majority of the specimens tested had flaws located approximately 0.03 inches
outside the weld fusion line except those fabricated from the G2 repair weldment.
These specimens were used to investiga* the effect on threshold of the location
of the flaw with respect to the weld area. Two specimens each were flawed at
three different locations which included the weld centerline, weld fusion line
and 0.08 inches outside the weld fusion line. The results obtained are presented
in Figure 19. While the microstructure, as noted in the figure, varies significantly
with flaw location, corresponding variations in threshold were not detected.
6.3 SUSTAINED LOAD FLAW GROWTH RATE BEHAVIOR
The sustained load flaw growth rates for the titanium tested in Freon TF can be
separated into two distinct groups as illustrated in Figure 27. The repair and
G3 virgin weldments in one group with the NASA/MSC G4 virgin weldment *'n
the other. As indicated by Figure 27, the growth rates approach their respective
thresholds asymptotically. This result further substantiates the respective thresholds,
in that a growth rate approaches zero as the threshold is neared. Both groups of
growth rates tend to reach a maximum value and remain relatively constant as
further growth continues. A maximum of 70 micro-inches/second was recorded dur-
ing the tests. Increasing the load applied to a specimen after observing no sustained
growth for a period of time, resulted in growth rates which for a given stress inten-
sity were significantly lower than those of single loaded specimens.
Additional substantiation that the growth rates become almost constant was observed
with two specimens tested in an aggressive methanol environment as illustrated in
Figure 26. Methanol exposure to 6AI -4V titanium had been investigated by Masters (13)
and found to have a 0.28 threshold with weldments. It is interesting to note that
the very low threshold shown by the titanium/methanol combination had growth rates
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which were within the envelope of those obtained from a significantly higher
threshold shown by the titanium/Freon TF combination. Based on this observa-
tion, it appears that the maximum value of sustained load flow growth rate is
independent of the environment. This effect is further supported by results obtained
in testing similar 6AI ,4V titanium specimens exposed to a gaseous helium environ-
ment. This data is presented in Appendix C.
One important aspect of flaw growth rate measurement is the assumption that the
flaw opening strain is proportional to the flaw growth. In reality, the flaw open-
ing strains are caused by flaw growth and plastic deformation in the flaw tip area.
The sustained load flaw growth rates are, in general, over-estimated because the
strain caused by plastic deformation is not zero. For the specimens tested, the
plastic zone size was relatively small (at least at the lower stress intensity levels)
as illustrated in Figure 24 and assumed zero for this analysis.
Because of the nature of sustained load flaw growth, wide variations in growth
rates can result. Sustained growth can be suppressed by a number of factors, such
as grain boundaries or changes in local toughness, giving rise to apparent different
growth rates between two specimens tested under the same conditions. An addi-
tional factor obscuring the picture is the effect of stress level on the growth rates.
Growth rates tended to increase with higher applied stress for the specimens tested
in Freon TF. This is shown in Figures 24, 25, and 26; keeping in mind that a
step loaded specimen exhibits a lower growth rate than a single loaded specimen
for the same stress intensity. The specimens tested in methanol (as indicated in
Figure 26) demonstrated the reverse stress level effect by having the growth rates
increase with decreasing stress level. No explanation for the stress level effect
is offered due to the numerous variables involved, such as possible flaw suppression
and effect of operating near or at the material yield strength. It is interesting to
note however, that regardless of the stress level on the single loaded specimens,
the growth rates approach zero as the threshold is neared.
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7.0 CONCLUSIONS AND RECOMMENDATIONS
Sustained load test results of 6AI-4V titanium in a Freon TF environment
indicates:
1. The threshold is equal to or greater than 0.59 for forging material
and most weldments investigated.
2. For some unexplained reason, one weldment exhibited a low threshold
of 0.46.
3. There is no apparent difference in thresholds based on tests in Freon TF
supplied by N r^th American Rockwell or Grumman.
4. The use of curved fracture specimens can result in apparent thresholds
less than the actual values.
5. Sustained load flaw growth rates reach a maximum value which is essen-
tially constant for stress intensities between the threshold and critical.
This maximum rate appears also to be unaffected by actual threshold
values.
It is a recommendation of this report that the difference in threshold values between
6Ai -4V titanium weldments be resolved.
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APPENDIX A - SAMPLE SUSTAINED STRESS FLAW GROWTH RATE CALCU-
LATION FROM FLAW OPENING DISPLACEMENTS
INTRODUCTION
The purpose of this appendix is to describe the method used for estimating the
plane strain flaw growth rates under sustained load using flaw opening displace-
ments for surface flawed specimens tested in this program. For illustration
purposes, an example is presented.
ANALYSIS
The data provided by testing an instrumented specimen (see Figure 8) includes
flaw opening displacement versus time, initial flaw size and final flaw size.
Typical data was obtained in testing specimen WG3-7, which was machined from
a G3 welument and sustain loaded in a Freon TF environment. The flaw opening
strain versus time for this specimen is shown graphically in Figure Al. After being
sustain stressed at 86.54 ksi for 60 minutes, the specimen was fatigue marked and
pulled to failure which revealed the initial and final flaw sizes to be:
INITIAL
FLAW
FINAL FLAW AT THE END
OF SUSTAINED LOAD
Depth 0.025 0.046
Length 0.204 0.204
In order to determine the relationship between flaw opening displacement and flaw
extension or growth, the constant C which was presented in Section 2.4 must be
evaluated. The constant C was determined from the load and strain changes
recorded during ramp loading of the specimen. The load and strain changes re-
corded are illustrated in Figure A2. The constant C for this specimen is
µ in
__ d e /dt O 1 /2	 650 inn /sec	 1.075 1 /2
C	 dP dt	 (	 initial
	
850 Ib sec	 ( 0.025 in )
C = 32.88nin /lb in
For a change in flaw opening strain (A E ) over a time increment (,It) after
reaching maximum load, the change in flaw parameter (:Ia/Q l/2) can be
calculated using the equation
AE = CP (Aa/Q l/ )
Knowing the value of the initial flaw parameter (a/Q 1/2) the change in flaw
parameter can he added, yielding the flaw parameter at the ena +f the time
increment. This process is repeated for the duration of the test data as indicated
in Table Al. In order to determine the flaw size (a/ 'Q) from the flaw parameter,
an assumption must be made as to the manner in which the flaw shape changes.
As indicated by the initial and final flaw size for this specimen, the crack length
(2c) did not change during the sustained load; only a chan ge in flaw depth. A
graph relating flaw size to flaw parameter can be generated by taking different
flaw dimensions and calculating the flaw size and flaw parameter. Table All
illustrates the procedure while Figure A3 presents the result.
The time history of flaw size is now known and the change in flaw size with
respect to time can be determined as indicated in Table Al. The average stress
intensity for each time increment can be calculated for each flaw growth rate.
This result is plotted in Figure 26.
The calculated flaw depth, after being sustain loaded for 60 minutes, was 0.044
inches as compared to the actual measured flaw depth of 0.046 inches and indi-
cates the accuracy of the above outlined procedure.
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APPENDIX B - APP! ICVION OF FREON TF FLAW GROWTH DATA TO
CSM/SP5 TANKS
INTRODUCTION
The purpose of this appendix is to describe a method for application of sustained
load flaw growth rate data. For illustration purposes, an example is presented.
ASSESSMENT
Consider an SPS oxidizer tank which is subjected to a proof test of about 300 psig,
followed by a long duration cold flow test using Freon TF at 175 psig and then a
pressure cycle at 225 psig with gaseous helium. The ;ank has a one regulate-)r
lockup pressure of 195 psig, For assessment purposes, consider the vessel weld
which has a threshold of 0.71 at 1000 F in N 2O4. Figure B1 shows the maximum
flaw size screened by the proof test and the flaw size, above which the operoting
pressure would cause sustained growth during operation with nitrogen tetroxide. The
difference of these flaw sizes is the flaw growth potential. If these tanks had a
threshold of 0.59 when exposed to Freon TF (as demonstrated by the majority of
material tested), the 175 psig cold flow pressure cycle would not have exceeded
the threshold and only cyclic flaw growth would have occurred. The following
225 psig helium pressure cycle would have only resulted in cyclic growth and enough
flaw growth potential would remain to hundle the operating pressure of 195 psig
without exceeding the oxidizer threshold. Structural adequacy would be maintained.
If however, the tanks hed a threshold of 0.46 when exposed to Freon TF (as demon-
strated by the G4 vircjin weldment tested), the 175 psig cold flow test would have
exceeded the threshold resulting in possible subcritical flaw growth. Three important
observations are worth noting which occurred during checkout of this tank as follows:
1. The tank did not fail during the 175 psig Freon TF pressure cycle;
indicating the flaw, if any, was less than critical after the test.
2. The tank successfully passed a 225 psig helium pressure cycle after the
175 psig Freon TF cycle; indicating the flaw must have been smaller
than the critical flaw size screened by the 225 psig cycle.
3. The duration of the 173 psig Freon TF pressure cycle was approximately
3.5 hours. The question arises; if a flaw did exist which was just equal
to a flaw size indicated by a 175 psig pressure and a thresiiold of 0.46,
could the flaw have grown to a size which was just less thor the flaw
screened by the helium pressure cycle?
By using the minimum sustained stress flaw growth rate obtained from ', ,he G4
virgin weld specimens tested, the time required to grow this amount was calcu-
lated and is presented in Figure B2. If a flaw did exist at a stress intensity
ratio of 0.46, failure would probably have occurred di n ing the 175 psig pressure
cycle since it was held for 3.5 hours. It would have taken less than 2.0 hours
for the hypothetical flaw to grow to a molue just equal to ',he flow size screened
by the helium pressure cycle,
If the sustained load f1-.w growth rate was slower than that used, the end
condition of the flaw could result in either failure during the cold flow test
(which did not happen), failure during flight or no failure at all as shown in
Figure B2.
Figure B3 illustrates the effect of decreasing the flaw growth rate to one-half
the minimum value obtained by tests. If the flaw (existing at the time of the
cold flow test) was equal to the flaw screened by the proof test, it would have
taken about 50 minutes to grow to a flaw size which would not pass ;he helium
test. As indicated by Figure B3, it would have been pos ,,ible (using half the
measured growth rates) to grow to just less than the size screened by the helium
pressure cycle. The likelihood of having an initial flaw size within this narrow
window (stress intensity ratio between 0.46 and 0.47) plus a lower growth rate is
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felt to be remote. From this analysis, if a flaw existed it would probably have
been smaller than that defined by a 175 psig pressure and stress intensity ratio
of 0.46.
OBSERVATIONS AND CONCLUSIONS
	
1.	 Because of the low threshold obtained in the G4 weld HAZ it must be
assumed that the original proof test performed does not provide assurance
against operational failure.
	
2.	 The flaw growth rates obtained are sufficiently high to make it appear
unlikely that the tank could have survived the 3.5 hour Freon TF cold
flow test and subsequent 225 psig helium cycle if it had flaws with Kli/KIc
values in excess of the threshold.
	
3.	 Additional considerotcns which support the conclusion that the tank in
question is acceptable include:
a. No SPS tank failures have occurred during Freon TF cold f l ow testing.
b. Only transverse weld flaws which extend into the HAZ appear to be
of concern and then only if the HAZ has a low threshold value.
C. If flaw growth did occur during the 3.5 hour cold flow test, it is
improbable that the flaws +could have arrested within the range of
K li/K IG values necessary to be of concern during flight (i.e.,
Kli/Klc of 0.71 to J.78).
	
4.	 It should be recognized that the application of the growth rate rationale
to the SPS tanks has possible shortcomings in that:
a. Only limited growth rate data has been obtained (lower rates may
be possible).
b. Possibility of flaw growth and arrest.
C.	 Short test times.
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APPENDIX C - SUSTAINE;; LOAD FLAW GROWTH AND ITS SIGNIFI-
CANCE TO PROOF TESTING PROCEDURES
BACKGROUND
The significance of a proof test on a pressure vessel, as viewed in the light of
fracture mechanics, lies in the fact that a maximum possible flaw can be determined
or screened by this test. This conclusion is based on the assumption that-no flaw
growth occurs during the depressurization phase of the proof pressure cycle. In
reality, if slow depressurization takes place it is possible for subcritical flaw
growth to result and consequently a larger flaw than that screened by the maxi-
mum proof pressure can exist as shown in Figure C1. Under these conditions, the
operational service of a pressure vessel can be seriously reduced. Such was the
case on some Apollo pressure vessels; being depressurized over a period of many
minutes or even hours. The following program was conducted to determine flaw
growth rates of 6A1-4V titanium under sustained load in an environment of gaseous
helium which could be used to assess the effects of depressurization times. Two
phases of testing took place; one util.zing thick specimens and the other thin
K	
specimens. The deep flaw magnification was minin ized with the thick specimens.
ANALYSIS AND TEST PROCEDURES
By knowing the sustained load flaw growth rates for the applicable material/environ-
ment combinations and the depressurization schedule, the effect of depressurization
on the proof test can be assessed. Figure C2 shows the three possible conditions
that could exist, depending upon the relationship between the flaw growth rate,
(dK/dt) Aa , and the depressurization rate, (dK/dt)A a .
Having developed the flaw growth rate data, the maximum possible flaw growth
for a given depressurization schedule can be calculated, as schematically illustrated
in Figure C3. In Figure C3, the experimentally defined growth rate data is as
shown in the lower figure. The upper curve represents the arithmetic integration
procedure used to calculate the effect of an assumed linear depressurization rate.
This illustration represents calculations required for one depressurization rate for
the case of a relatively thick-walled vessel. By performing a series of such
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calculations with varying depressurization rates, the plot shown in Figure C4
can be constructed. The locus of Kli/Klc values at the given depressurization
times represent the maximum possible K li/K lc values in the vessel after the proof
test. For thin walled vessels (i.e., where a c/t is greater than about 0.30) the
increase in deep flaw magnification with flaw growth must be accounted for in
the integration procedure.
The specimens used are shown in Figure C5 along with the number of tests performed.
The instrumentation used to determine the sustained load flaw growth rates 7s illus-
trated in Figure 8. Details about the instrumentation are presented in Section 4.2.
A summary of the test procedures is outlined in Figure C6.
EVALUATION OF THICK-WALLED VESSEL TEST DATA
The flaw opening strain recorded during the sustained load tests is comprised of
strain due to flaw growth and plastic deformation at the flaw tip as illustrated in
Figure C7. The flaw strain due to plastic deformation is believed to approach
zero when the plastic zone size is small. If the plastic flaw strain is assumed
zero, the flaw strain recorded during test can be attributed to flaw growth from
which the change in flaw size can be calculated. The proportionality constant, C,
which relates the flaw opening strain to flaw growth was determined from a partial
growth specimen. The procedure used is demonstrated in Figure C8. From the strain-
'
	
	 time recording the flaw size, a/Q, and the stress intensity, K, can be calculated
as a function of time. The flaw growth rates are then obtained by arithmetically
.x
	 differentiation of the flaw size function as depicted in Figure C9.
Flaw opening strain recordings were obtained for three sustained loaded specimens of
which two were step loaded and one was single loaded. The results of all the
specimens tested are presented in Figure C10. An average fracture toughness of
56.5 ksi ^_in was obtained from two specimens. The thick specimens were fabricated
from alpha stringer forging material used on Contract NAS 9-8809, which typically
exhibited a wide voriation in fracture toughness (e.g., 46 to 55 ksi in.). For the
strain recorded specimens, a fracture toughness based on the point of rapid propaga-
tion was selected for each specimen. Using these fracture toughnesses, rather than
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an average value, appears to be the most consistant with the time to failure
test results. This is illustrated in the table presented in Figure C10 where the
stress intensity ratio (based on a Klc from strain daa) is the lowest for the speci-
men (ST-4) which had the longest time to failure. The opposite effect was observed
if the average toughness was used. The flaw opening strains recorded during the
last five seconds prior to failure for the three sustain loaded specimens is illustrated
in Figure C11.
The 6A1-4V titanium in a gaseous helium environment has a threshold of approxi-
mately 0.90 as determined from previous test programs. The flaw growth rates
from the sustained load tests were calculated and presented in Figure C12. A
relatively constant growth rate was observed of about one micro-inch second. For
comparison purposes, the estimated curve used in performing a preliminary analysis
is shown. Using an average type growth rate and working backwards, a time to
failure plot was calculated as shown in Figure C13. The three specimens for which
strain recording were obtained are shown n this figure. The effects of the growth
rates are shown in Figure C14 as the maximum possible stress intensity ratio after
proof for various proof factors and depressurization times to maximum design operat-
ing pressure (MDOP). One very significant result is immediately evident in t'lat the
maximum KIiAlc after proof abruptly increases to a critical value within a matter of
a few seconds. This phenomena is due to the characteristic shape of the flaw growth
rate curve which abruptly approaches infinity within a few percent of critical after a
relatively constant behavior above the threshold.
Based on the results obtained from testing the thick specimens, the following observa-
tions and implications, A th regard to proof testing 'of Apollo tanks were concluded:
OBSERVATION
1) Variation in flaw growth rates is
small at a given KIi/KIc
2) Up to the onset of rapid propaga-
tion (K lc) flaw growth rates are
significantly lower than originally
estimated.
3) The onset of rapid propagation at
Klc is very abrupt.
IMPLICATION
Possible flaw growth during proof
test depressurization is predictable.
Depressurization rate requirements
are not excessive (e.g., 1-5 minutes
to MDOP appears acceptable).
Extremely unlikely that a critical
flaw could be arrested by unloading.
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From these observations and implications it appears that the proof test is an
effective method of determining the maximum possible flaw size or maximum
possible KliAlc.
EVALUATION OF THIN-WALLED VESSEL TEST DATA
The plastic flaw strains are not a negligible quantity when dealing with thin
specimens with deep flaws (half thickness or greater). Flaw growth rates based
on assuming the plastic flaw strain is zero will result in rates which are higher
than actual. The plastic zone size for these thin specimens (thickness equal to
0.062 inches) is equal to or greater than 0.012 inches. The ratio of the plastic
zone size to remaining untracked ligament varies between 0.4 and 1.0 as the flaw
grows and increases in depth. Partial growth tests over a small stress intensity
range would be a better method of obtaining growth rates.
Three different types of sustained flaw growth behavior were observed in testing
*he thin specimens as depicted in Figure C15. The three types include;
1) flaw growth under sustained load to 	 critical value prior to growing
through the thickness.
2) flaw growth under sustained load through the thickness and then growth
until critical through the thickness crack length is attained.
3) flaw growth upon loading through the thickness (or nearly so) and then
growth until critical through the thickness crack length is attained.
Test results, which include the initial stress intensity plus the time to failures,
of the thin specimens are presented in Figure C16, and are grouped according
to mode of flaw growth. Reconstructed flaw opening strain time histories of
the four specimens which became critica! under sustained load prior to growth
through the thickness are p resented in Figure C17. A greatly expanded time
scale of the some strain time histories (see Figure C18) reveals the nature of
flaw opening strain at failure. The onset of rapid propagation for these specimens
is estimated along with the point where the flaws are believed to have grown
through their respective thicknesses. One specimen was rapidly unloaded after
exceeding the point of rapid propagation as shown in Figure C19.
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The next group of specimens are believed to have grown through the thickness
under sustained load prior to the onset of rapid propagation. The strain time
histories of these specimens are shown in Figures C20 and C21. A representa
tive specimen where the flaw grew through the thickness upon loading with sub-
sequent sustained load flaw growth until failure is illustrated in Figure C22.
Flaw growth rates were calculated for the thin specimens as indicated in Figure C24.
Average growth rates from partial growth tests are also included. These growth
rates, like the ones calculated for the thick specimens, remain relatively constant
above the threshold but attain a maximum value of about 60 micro-inches/second.
The maximum possible stress intensity ratio after depressurizing is shown in Figures
C24 and C25. Both plots are for a vessel which has a 1.33 proof to operating
pressure ratio. The difference in the two sets of curves is the result of using
growth rates based on partial growth tests and flaw opening strain. Deep flaw mag-
nification is accounted for in these plots; decreasing allowable time above MDOP
for deeper flaws.
Based on the results obtained from testing the thin specimens, the following obser-
vations and implications, with regard to the proof testing of Apollo tanks, were
concluded:
OBSERVATION
1) Flaw growth rates up to Klc appear
higher than for thick specimens tested.
2) Growth rates seem quite insensitive
to K levels between KTH and about
98 percent of K Ic'
IMPLICATION
Depressurization rate requirements do
not appear to be excessive but some-
what faster than for thick specimens.
Initial depressurization rate should be
the fastest.
3)	 The onset of rapid propagation at K
	
Unlikely that a critical flaw can be
is abrupt.	 Ic	 arrested (as a part through flaw) due
to rapid depressurization.
For information purposes, the flaw opening strain ':one history of a typical thin
fracture toughness specimen is presented in Figure C26.
35
RECOMMENDATIONS
1) Depressurization tint, c future proof tests in a helium environment
should not exc. ' from 1 •o 5 minutes to MDOP (depending on a and
ac/t as noted in Figures C14 and C24.
2) It is highly unlikely that slower depressurization rates could result in
significant flaw growin in helium (without actual failure) and therefore
further analysis and aproofing of existing bottles subjected to slower
rates is not recommended.
3) It is conceivable that very long depres4+_irization times to MDOP in
more aggressive fluids could result in significant stable flaw growth
and therefore limited flaw growth rate testing in applicable fluids is
recommended.
36
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Figure 3: DEEP FLAW MAGNIFICATION FACTOR USED
BY NASA/MSC-HOUSTON, TEXAS
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Figure 4: APPROXIMATE STRESS INTENSITY FACTORS FOR
SURFACE FLAWS IN BENDING
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Figure 10: SCHEMATIC OF INSTRUMENTATION SETUP
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Table I: PLANE STRAIN FRACTURE TOUGHNESS FOR VARIOUS 6AI-4V TITANtuw 
FORGtNG AND WELDMENTS INVESTIGATED 
Z 
.....JO 
«-
- I-~ 0-
w-I-~ 
«u 
~~ 
o 
Forging 
Repair 
Wela 
z~ 
Ww 
~co -~ u:::> ~z 
Vl 
20 
W16 
W20 
... 
;,,') 
Vl 
w .--. 
ZZ' 
~­U.......-
r I-
... .--. 
I . 
I-Z 
0::::. 
o 
':> ... .--. 
::> I . 
«I-Z 
.....J 0 _ 
u.. w .......-
o 
0.0621 0.7013 0.031 0.178 125.0 0.0276 
0.0624 0.7019 0.C30 0.176 135.4 0.0275 
0.0437 1.0048 0.034 0.243 93.90.031C 
0.0540 1.0037 0.034 0.244 102.0 0.0315 
w 
Air RT 46.62 
49.78 IT> 
46.13 
44.71 
49.18 
47.94 
G3 
Virgin 
Weld 
G1 
WG3-50.0450 1.0024 0.027 0.207 124.8 0.0267 
WG3-90.0442 1.0037 0,027 0.200 121.6 0.0262 
--r-~~~--~----~ 
Virgin WGl-50.0561 0.7024 0.029 0.170 124.9 0.0263 Air RT 45.97 
Weld 
[t::> Incomplete Crack Extension 
, 
Table II: BASE METAL SUSTAINED LOAD FLAW GROWTH DATA IN NORTH AMERICAN 
ROCKWELL FREON TF (Oxidizer) 
.... 3 3 u 
I,/') 
.-1,/')" w I,/') 
3 « c «N 01,/') w Z ~ w~ z~ 1,/')" ww':::: N ~ I- ~ 
...J ...J o ~- t:; r"[Z u Z I-Ww I,/') u... .. _ u... I"- Z ~ I,/') Vi O - I-I-r. ~CXl w--:; .. - I- _ • ::lu... 3 
Zz 
~ . 
...JIi ...JI-Z -t:;~ I,/')I-Z V'I«u... I- - ~ -~ ..... z '--..... _. w c.:: 0 ...J-~ 000 « 3o~ ~«-U::l ~- o ~~ «b:- ~0~ I-I,/')~ I-W"- «z- .-~~ - ~ ~ ~Z U- -w- I,/') I,/') \:) <t ~ a.. - I,/') -- !::o ..-z ::l0 ...J ~ !::w~ ~ « 0 I,/') 3 -w ~ 0 I Z Z...J I,/')~ W zl-= I-
- 0 I- 0_ Z 
-
2 0.0625 0.7010 0.0310 0.182 73.0 0.0258 1044 RT 26.24 0.563 None 
4 0.0622 0.7003 0.0310 0.180 65.0 ( (255 708 23.26 0.49'/ None 
6 0.0627 0.7008 0.0330 0.178 94.0 0.0273 1~ 35.47 0.761 Failure 
1-' 
8 0,0620 0.6980 0.03'10 0.179 80.0 0.0258 1062 28.86 0.619 Trace 
9 0.0619 0,6991 0.0300 o 180 85.0 0.0255 18 30.15 0,647 Failure 
13 0,0626 0.7005 0,0300 0.176 82.0 0.0252 lln 28.83 0.618 Trace 
14 0.0624 0.7011 0.0310 0.179 76.0 0.0257 1092 27.30 0,586 None 
15 0.0623 0.7022 0.0330 0.176 60.0 0.0?62 900 22.23 oAn None 
18 0.0627 0,6989 0.0350 0.180 80.0 0.0279 2730 RT 31.7:1 l).670 Trace 
"7 6-~ 
Ww 
~~ 
U=' ~Z V') 
3 
5 
7 
10 
11 
12 
16 
17 
19 
Table III: BASE METAL SUSTAINED LOAD FLAW GROWTH DATA IN 
GRUMMAN FREON TF 
... 3 3 u ... 
V') 
V') w V') -
V')'" > « 0 «N o V') w Z ~ w~ 
-' wW';: N 
0.:: 
...J ...J 1-°--; tn >-"'~ u V'I u. '" ____ LL. ::z::"'- Z 0.:: V') Vi 0'- 1-"'- C w---;- .. - -::z:: . 
...J::Z::i -tn~ VII- Z V')«LL. I- - ~ Zz I-Z ...JI-Z « 3"'-2 ~«- wo.::o ...J -::.£:- 0:::::- <Cb:- ~(9~ ~- V') _~ I-W~ «Z-u-- .- -w- I-Z V') V') e <co::::: ~~ 0- - V') ~ 3: ~o -w ::>0 ...J 0 ~ I-w~ ::z:: Z Z...J V')c:.:: LL. W ZI-C I-
- - (9 I- _z 
-
0.0619 0.7000 0.0300 0.179 76.0 0.0252 1032 RT 26.79 0.575 
0.0625 0.7006 0.0290 0.180 80.0 0.0247 360 27.61 0.592 
0.0622 0.7027 0.0300 0.178 94.0 0.0257 2 33.43 0.717 
0.0619 0.7013 0.0300 0.180 65.0 0.0249 378 22.81 0.489 
0.0624 0.6999 0.0310 0.178 70.0 0.0255 456 25.04 0.537 
0.0628 0. 7 (107 0.0320 0.178 85.0 0.0265 930 31.23 0.670 
0.0624 0.7013 0.0310 0.179 60.0 0.0253 1014 21. 38 0.45? 
0.0626 0.6995 0.0355 0.179 80.0 0.0281 2832 31.53 0.676 
0.0625 0.7000 0.0300 0.176 83.0 0.0252 2832 RT 29.21 0.627 
-
I- ::z:: 
5 ~ 
OLL.O ~Oc:.:: 
« (9 
Ncne 
Trace 
Failure 
None 
None 
~"oderate 
None 
Trace 
None 
; 
Table IV: REPAIR WELD SUSTAINED LOAD FLAW GROWTH DATA IN FREON TF 
USING STRAIGHTENED SPECIMENS 
FLAW 
INITIAL OPENING AMOUNT TIME SPECIMEN FLAW LOADING 
AT STRAIN OF 
t W a 2c ENVIR. 
(] K,j K,yk LOAD iNITIAL FIN,t\L GRO'vVTH l"-lUMBER (I N) (11",1) (IN) ,IN) (KSI) (K SI JTN) IK (MIN) ill IN) (II I 1'-1) Ie 
NRTFO I C~ W1 0.0585 1.0048 0.026 0.195 f· Water 81. 63 27.21 0.599 25 2790 8380 
W2 0.0567 1.0047 0.024 0.210 NRTFO 94.73 30.83 0.679 27 4160 5000 Assumed Growth 
0.0255 0.211 N!~TFO 103.51 35.33 0.778 6 5370 6760 u~j 
W3 0.0585 1.0046 0.025 0.216 NRTFO 90.13 29.83 0.657 12 4460 8720 I ~ 
W4 0.0565 1.0058 0.025 0.210 NRTFO 88.02 29.24 0.643 38 4150 5860 I ~ 
I 
I 
I 
I 
W5 0.0587 1.0049 0.026 0.210 NRTFO 81. 35 27.32 0.601 60 3120 3550 I ~I 
t'~RTFO Gage 
W7 0.0490 1.0022 0.024 0.210 + Water 75.35 25.10 0.552 60 Fail ure No Growth 
W8 0.0587 1.0027 0.027 0.213 GTF 88.43 30.64 0.674 40 5750 7080 I ~ I 
W10 0.0554 1.0032 0.024 0.210 NRTFO 93.52 30.:;4 0.672 30 3560 4200 Assumed Growth 
0.0255 0.210 NRTFO 98.92 33. : 0.744 16 4420 4840 Assumed Growth 
0.0282 0.210 NRTFO 102.5 37. t. 0.829 7 5080 5320 I ~'WJ2 I 
Wl1 0.0555 1 .0025 0.024 0.204 NRTFO 98.92 32<5 0.712 29 4590 5620 Assumed Growth 
0.026 0.204 NRTFO 106.11 36.79 0.810 40 6030 7520 , I ~ -.J 
W12 0.0536 1 .0020 0.0275 0.210 NRTFF 79.51 28.45 0.626 75 4460 6460 ! ~ I 
W14 0.0578 1 .0029 0.025 0.207 NRTFF 86.20 ~S.40 0.625 45 3850 4360 No Growth 
!'!RTFF 
0.025 0.207 T Water 86.20 2:::.40 0.625 13 4500 4440 No Growth 
GTF = Grumman Freon TF 
NRTFF North American Rockwell Freon TF (Fuel) _ Sustained Growth 
NRTFO North American Rockv1ell Freon TF (Oxidizer) 
I 
Table IV (Continued): REPAI R WELD SUSTAINED LOAD FLAW GROWTH DATA IN 
FREON TF USING STRAIGHTENED SPECIMENS 
FLAW 
INITIAL OPENING AMOUNT 
SPECIMEN FLAW LOADING TIME 
AT STRAIN OF 
NUMBER 
W15 
W17 
W19 
W23 
W24 
NRTFF 
NRTFO 
t W a 2c (J 
(I N) (IN) (I N) (IN) ENVIR. (KSi) 
0.0495 1.0021 0.026 0.213 NRTFO . 99.19 
0.0477 1.0038 0.026 0.222 NRTFF 75.15 
0.0564 1.0044 0.024 0.210 NRTF0 93.63 
0.0509 1.0028 0.026 0.210 NRTFF 78.43 
0.0557 1.0037 0.024 0.210 NRTFO 64.40 
NRTFO 
0.024 0.210 + Water 64.40 
North American Rockwell Freon TF (Fuel) 
North American Rockwell Freon TF (Oxidizer) 
Kli 
(KSI !TN 
35.62 
26.98 
30.45 
27.40 
20.58 
20.58 
KI~ LOAD INITIA FIt'-lAL GROWTH IV (MIN, 
'I c (!lIN) t '!lIN) 
0.783 7 6480 181 120 I ~ I (Fail ure) 
0.594 62 3640 4500 No Growth 
0.670 8 4560 8080 I ~ I 
0.603 57 4920 8540 I ~ I 
0.453 30 2840 2880 No Growth 
-
0.453 29 2880 2880 No Growth 
• Sustained Growth 
- " 
Table V: REPAIR WELD SUSTAINED LOAD FLAW GROWTH DATA IN FREON TF 
USING CURVED SPECIMENS 
INITIAL 
SPECIMEN FL,t>..W 
t W a 
NUMBER (IN) (IN) liN) 
-
W6 0,0560 1,0020 0.0'27 
I VV9 0.0570 1.0030 o 028 ~ 
(),028 
0.028 
0.028 
0.028 
0.028 
0.028 
W13 0.0562 1 ,0033 0.030 
W18 0.0506 1.0043 n 025 
W25 0.0522 1 0025 0.027 
'1.0?] 
--
0.027 
0.027 
[!> Stress Intensity Based on Axial 
Stress Onl y 
[t:> Minimum Possible Value 
2e 
(IN) ENVIR, 
0.210 NRTFF 
0.210 NRTFO 
n.~10 NRTFO 
0.210 NRTFO 
0.210 NRTFO 
0.210 NRTFO 
0.210 NRTFO 
0.210 NRTFO 
0.204 NRTFO 
0.207 NRiFO 
0.213 NRTFO 
0.213 NRTFO 
0.2L NRTFO 
0.213 NRTFO 
SNI 
NRTFF 
NRTFO 
FLAW 
OPEt'./ING 
LOADING TIME 
AT STRAIN 
a K [> r(ly{ LO,I\D INITIAL FI tlAL (K 51) Ii ,,, (MIN) \K SI JTf'!: , h' le ( /11 t'J I I .u I I'll 
83.78 29.27 0.644 36 8340 12, ,... ') 
41. 95 14,62 0.322 
Gage 
8 Fail ure 
52.44 18.35 0.404 4 - -
61 ,18 21.50 0.473 6 -
-
69.92 24.68 0.543 11 - -
78.66 27.92 0.615 10 - -
87.40 31.22B> 0.687 5 - -
-
96.14 34. 58!?> 0.761 2 
- -
67.0 24.82 0.546 1260 SNI SNI 
55.0 18.44 0.406 1332 SNI SNI 
76.48 27.24 0.600 19 7240 8000 
86.LJ1 30 S5 ~ 0.679 19 8440 9220 
if5.60 3!~. 54[> 0.760 30 9760 12, 100 
101.33 36. 80 Ii> 0.810 16 12,460 28,0()0 
Specimen Not Instrumented 
North American Rockwell Freon TF (Fuel'! 
North American Rockwell Freon T~ (Oxidizer) 
AMOUNT 
OF 
GRey,':! H 
I \~ ] 
Assumed No Growth 
A5sumed No G~owth 
Assumed No Growth 
Assumed No Growth 
Assu med Growth 
Assu mea Growth 
I ~ I (Failure) 
No urowth 
No Growth 
Assumed Growth 
Assumed Growth 
Assumed Growth 
I ~~ I (Failure) 
_1 Sustained Growth 
, 
Table VI: G2 REPAIR WELD SUSTAINED LOAD FLAW GROWTH DATA IN 
NORTH AMER' CAN ROCKWELL FREON TF (Fuel) 
Zo::: 
ww 
~co -~ u:::> g:z 
V') 
G2Wl Wei d <f. 
G2W2 Weld <t 
...... 
.. 
V') 
V') 
w'--Zz 
)L-
u~ 
I 
I-
0.0525 0.7010 0.032 0.173 65.0 0.0257 2605 
0.0548 0.7011 0.028 0 176 75.0 0.0239 2646 
G2W3 0.08 HAZ 0.0551 0.7020 0.031 0.174 65.0 0.0253 2640 
t-G_2_W_4_-t--F_l.'sion Line 0.0505 0.7015 0.029 0.li~65.0 0.0243 261J 
G2W5 Fusion Line 0.0565 0.7022 0.032 0.174 75.0 0.0260 2724 ~~~~~~~~~~=+~~=r~--~~ 
G2W6 0.08 HAZ 0.0556 0.7023 0.028 0.174 75.0 0.0239 2640 
RT 
RT 
u 
25.33 0.575 None 
26.23 0.595 Trace 
24.22 0.550 None 
23 . 98 0.545 None 
28.46 0.647 Slight 
26.06 0.592 None 
------~----------
; 
Table VII: G4 VIRG~N WELD SUSTAINED LOAD FLAW GROWTH DATA IN NORTH 
AMERICAN ROCKWELL FREON TF (Fuel) US1NG MSC SPECIMENS 
INITIAL 
FLAW 
OPENING AMOUNT 
SPECIMEN FLAV! LOADING TIME STRAIN OF AT 
NUMBER t 
W a 2c I a Kr Kirk LO,ll,D INITIAL FINAL GROV'lTH (IN) (IN) (IN) (l N) ENVIR. I (KSI) I f/ (K SI'JfNj 'Ie (MIN) (,LLII"-II (It. I N) 
G4CP-29 
IE> .0650 .4985 .028 · 112 NRTFF n.16 22.41 0.520 39 1160 6240 U~I 
G4CP-30 
.0720 .4500 .035 .114 NRTFF 69.44 21. 18 0.491 30 3420 3440 Assumed No Growth IT> 
, I ~~ I .035 .114 NRTFF n.n 23.81 0.552 79 3800 5830 
.. .-
G4CP-32 
.0670 .5000 52.0 1062 SNI SNI No Growth (Poor Initial) !!> - - NRTFF - -
G4CP-34 [> .0628 .5000 
G4CP-37 
[:> .0666 .5015 
G4CP-39 
IT> .0720 .4972 
G4CP-53 
II> .0695 .5031 
G4CP-54 
It> .0725 .5008 
G4g-58 
.0686 .5006 
G4CP-75 
n> .0712 .5000 
G4g-76 
.0657 .5023 
II:> Straightened Specimen 
[t:> Curved Speci men 
.043 · 117 
.0365 .117 
.031 .116 
.030 · 116 
_~030 · 116 
.030 · 116 
.039 .113 
.031 .112 
.043 .130 
.057 .166 
SNI Specimen Not Instrumented 
NRTFF 
NRTFF 
NRTFF 
NRTFF 
NRTFF 
NRTFF 
NRTFF 
NKTFF 
NRTFF 
NRTFF 
NRTFf = North American Rockwell Freon TF (Fuel) 
58.5 
65.0 
69.83 
60.00 
65.71 
71.43 
59.0 
72.0 
59.0 
72.0 
19.27 0.447 1068 SNI SNI No Growth 
20.51 • 0.476 1080 SNI SNI L~ J 
20.84 0.483 29 3120 4330 I ~ I 
17.70 i O.4li 30 3700 3740 No Growth 
19.43 I (). 451 30 4040 4060 No Growth 
21.17 0.491 61 4100 4480 No Growth 
18.24 0.423 63 SNI SNI Failure 
21.32 0.495 1374 SNI SNI No Growth 
20.00 0.464 1056 SNI SNI No Growth 
30 66 0.711 1062 SNI SNI I ~ I 
BSustained Gro·,., .. ~h 
SPECIMEN 
.-
NUMBER t (IN) 
WG3-1 
.0568 
WG3-2 
.0435 
WG3-3 
.0452 
WG3-4 
.0465 
WG3-6 
.0572 
WG3-7 
.0518 
~ 
WG3-8 .0557 
WG3-10 
.0557 
'vVG3-11 .0558 
WG3-12 .0528 
Table VIII: G3 VI RG I N WELD SUSTA I NED LOAD FLAW GROWTH DATA 
US ING STRAI GHltNED SPECIMENS 
flAW 
INITIAL 
TIME OPENING FLAW LOADING 
AT STRAIt~ 
-
W a 2c ENVIR. 
(J Klj Klyk LOAD INITIAL FINAL (IN) (IN) (IN) (KSI) (K SI ITl'1 Ie (MIN) (/ll N) (/lIN) 
1.0017 
.028 .206 NRTFF 70.3D 24.79 0.510 30 2400 2800 
.0~8 .206 NRTFF 79.09 28.05 0.578 30 3280 3440 
.028 .206 NRTFF 87.87 31.36 0.646 30 4040 4250 
.0292 .206 NRTFF 96.66 35.76 0.736 30 4800 6100 
1. 0018 .025 .206 NRTFF 67.6 24 .• 3 0.497 1290 SNI SNI 
1. 0032 .025 .206 NRTFF 55.3 19.30 C.397 1302 SN; SNI 
1.0027 .026 .102 NRTFF 81.54 29.41 0.605 61 5320 6280 
1. 0031 .026 .209 GTF 81. r8 27.67 0.570 60 4380 4740 
1.0033 .025 .204 NRTFF 86.53 29.31 0.603 60 3960 6290 
1.0029 .025 .201 NRTFF 117.65 29.08 0.599 44 3350 3950 
.025 .201 I NRTFF 98.38 32.96 0.679 27 4840 10820 
1.0023 .027 .210 GTF 89.60 31. 49 0.648 11 4370 69{J) 
1.0020 .024 .204 Methanol 60.82 19.34 0.398 22 3620 6280 
1.0022 .026 .204 Methanol 54.82 18.61 0.383 9 3340 6640 
SNI == Specimen Not Instrumented 
AMOUt-H 
OF 
GROWTH 
Assumed No Growth 
Assumed No Growth 
Assumed Growth 
L ~" I 
No Growth 
No Growth 
I ~ I ~ 
No Gro ..... th 
I~I 
Assumed I'~o Growth 
I ~~ 
I~ I 
~~ I .-J 
~~ l 
NRTFF == North American Rockwell Freon TF (Fuel) 
GTF = Grumman Freon TF 
_ Sustained Growth 
Table IX: Gl VIRGIN WELD SUSTAINED LOAD FLAW GROWTH DATA IN 
GRUMMAN FREON TF USING STRAIGHTENED SPECIMENS 
I~ ~ VI .-- <- V> W V> -~. u o~:=- w Z ~ w~ Zo;: ~ /4 0 «N N ::> 0;: l-V> it ~ __ -I wo;:v> 0--- tn >-"~ I u~ '..u V> I- ,~: I Z I-~U) .J..J -- ... ~ u... I .... -: Z I- ~ V> (J --: I- - . 1- 4 zi I . 1-1 ~ i _ v>_ VlI-Z l.f") ; u:- I- - ::>u-3: -~ I-Z -ll-Z 4 V> .<.9 ~"-..--Z ~4- LLJ 0;:0 --'V; 0':::>0 U::> ~~ o~ «a..- 40- 0- o;:~ I-g:_ 4 Z -~Z U- j::w- ;=:Z- I-v> 4 - - V) ~ 0;: - :s 0 e -I ::>- ~ !::w~ ~ 
- 3: -0 Cl 4 0 VI I Z :::;w U- W ZI--L.-I V> 0;: I-
- - 0 I- _z 
-
-
VJG1-1 0.0587 0.7021 0.029 0.182 81.3 0.0250 1272 RT 28.72 0.625 N-Jne 
--
'NGl-2 0.0411 0.7022 0.029 0.178 68.7 0.0244 1245 28.24 0.614 None 
--
WG 1 -3 0.0595 0.7020 0.029 0.184 86.0 0.0252 1083 30.40 0.661 Moderate 
--
~.-
WG1-4 0.0559 0.7027 0.030 0.176 83.5 0.0254 1038 RT 30. CIJ 0.666 T ~'ace 
Z
Z 6000
40000
650C
450C
^I
I
i
Actual Recorded Strain Assumed Strain
I	 /
for Analysis
I
10	 20	 30	 40	 50	 60
TIME A"FTER REACHING LOAD (MINUTES)
Figure Al .
 FLAW OPENING STRAIN VERSUS TIME
FOR SPECIMEN WG3-7
Z
s
N 550(
Z
Z
UJ
QL
O 5000
Q
U-
76
,-. 
Z 
.:::::: 
Z 
:::t 
Z 
<{ 
a::: 
I-
VI 
0 
Z 
........ Z 
........ w 
0-
0 
3; 
<{ 
.-l 
u.. 
••• 
6000~-----------------------------------------------------5 
5000 
dt 
4000 ~f 
// dt 
3000 
2000 
1000 
°0~----~~--~~----~----~------~----~----~7~--~8 
TIME (SECONDS) 
Figure A2: LOAD AND FLAW OPENING STRAIN DURING LOADING 
OF SPEC IMEN WG3-7 
,~ 
3 
2 
0 
Vl 
0-
~ 
.......-
0 
<{ 
0 
.-l 
.-l 
<{ 
X 
<{ 
a/Q 1/2 0.
0.
0.
0.
0.
0,
0
o.w-
0.022
0
0.024	 0.026	 0.028 0.030	 0.032	 0.034
a/Q
Figure Al FLAW PARAMETER VERSUS FLAW SIZE
FOR SPECIMEN WG3-7
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Table Al: CALCULATION OF FLAW GROWTH RATE FOR SPECIMEN WG3-7
TIME
(Min)
e
( µIn/In)
Je
(pin/in)
1a /T(7
(Inch)
a /3G
(Inch)
aiQ
(Inch)
Ao 'Q
(Inch)
J j Q x106
(Inch,/Sec)
(K Ii ) Avg
(Ksi 1-1n)
K Ii	 KIc
0 4180 .02411 .02325
20 .00014 .00012 .667 29.31 0.605
3 4200 .02425 .02337
20 .00014 .OnOi2 .667 29,45 0.607
6 4220 .02439 .02349
20 .00014 .Ou011 .611 29.60 0.611
9 4240 .02453 .02360
30 .00020 .00017 .944 29.73 0.613
12 4270 .02473 .02377
40 .00027 .00021 1.167 29.93 0.617
15 4310 .02500 .02398
60 .00041 .00035 1.944 30.25 0.624
18 4370 .02541 .02433
70 .00047 .00038 2.111 30.65 0.632
21 4440 .02588 .02471
95 .00064 .00054 3.000 31.20 (.644
24 4535 .02652 .02525
105 .00071 .00059 3.278 32.00 ?.660
27 4640 .02723 .02584
120 .00081 .00064 3.555 32.80 0.677
30 4760 .2804 .02648
100 .00068 .00052 2.888 33.60 0.693
33 4860 .02872 .0?700
140 .0009.5 .00070 3.889 34.50 0.712
36 5000
.02967 .02770
160 .00108 .0083 4.611 35.62 0.735
39 5160
.03075 .02853
120 .00081 .00059 3.278 36,80 0.759
42 5280 .03156 .02912
160 .00M .00081 4.500 37.97 0.783
45 5440 .03264 .02993
79
WHWQJL
L
Nce-WLLJNLL.O M
z
^
O^^= 
z
Q W
L) U
J W
Q ^
U 
L
n
Q.G]tp
10
O
2
%0
N
%0
M'A
N
M0`
N10
10
0M^
^
_N
'It
14t
LO
10
^N\
N00
OO
,
OOl
O
r
N
N
M
tt4
rto
in
S
N
N
N
N
N
N
N
N
CO
M
M
M
M
M
M
M
U
O
O
O
O
O
Co
O
O
O
O
O
O
O
O
co
O
O Z
O
O
O
O
O
O
O
O
O
O
O
O
O
O
G
O
^
%O
o
N
r
\
L
-o
—
^ O^
N
K
M
op
q
O
,•
-it
M
to
to
^O
1 0
N
^
M
M
0^
O
,
O
O
Or
Or
O—
Or
Or
Or
Or
Or
Or
Or
Or
Or
Or
rr
•
-
r
-
r
to
10
LO
M
O
^t
^
L O
-
.9t
M
M
N
Ln
N
G
O
.
-
S
N
0
,
^O
co)
O
%0
N
00
0*
O
LO
^O
^
-
N
co
Cl)
^t
to
^O
%0
f\.
N
00
O
,
0^
O
O
N
U
N
N
N
N
N
N
N
N
N
N
N
M
M
M
M
M
p Z
O
O
O
O
O
O
O
O
O
O
.
O
O
O
O
.
O
.
O
.
O
.
O
.
O
.
O
.
O
.
O
.
O
.
O
.
O
O
.
O
.
O
.
O
O
O
.
O
LO
0W0
0,
LO
LO
N
^
O
MO
NOr
Or
Or
Or
 
rr
r
Mr-
dr
^Or
N
^
r
00r
r
Nr
—Nr
Nr
qtNr
00
`7
C7
N
S
N
N\
N
N\
N
^
N
NO
%0
-
^
^
U
N
N
M
M
^
"
;t
L
O
L
O
`O
N
N\
00
`000
0
1
O
^
\
r
r
r
r
-
r
r
r
r
r
r
r
p v
O
O
O
O
G
O
O
O
O
O
O
U
O
O
O
O
S
to
10
N
M
0 1
O
N
M
qqt
L
O
N
w
O
,
O
N
N
N
N
N
M
M
M
M
M
M
M
M
M
M
-t
p z
O
O
O
O
O
G
O
O
O
O
O
O
O
O
O
O
v
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
NV
 
.
N
^
 
Y
N
 
L
O
 
0
0
 
O
(I
	
II
	
II
N
 
d
 
C
^
d
80
1~r-~--'------r------------------------~ 
100 
20 
SPS Sump Tank Weld 
R = 25.5 Inches 
t = 0.070 Inches 
o~o----~~--~~----~~--~~----~--~ 0.05 0.06 
FLAW DEPTH, INCH 
Figure B1: SPS TANK STRESS VERSUS FLAW DEPTH CURVE 
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1.0
Maximum Possible Kli/KIC
After He Proof
0.
/ .:
0 . 6	 KTH-0.71 K lc	 /^ .:.
In N 204	 ^••'
/ ^
••
K li /K lc	 @100 of
0.4
}
LEGEND:
---Failure During Cold Flow Test	 3
0.2 —•— No Failure	 L° o
­ --­ Failure During FI ight.o 0
— Calculated Using Growth Rate 	 V oPredicted Behavior
	
0`	 I
	
0	 1.0
	
2.0
	 3.0
TIME, HOURS
Figure B2: SPS TANK FLAW GROWTH POSSIBILITIES
4.0
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w p 
FAILURE CAN 
+ (dK/dt).l a -(dK/dt) 0 OCCUR IF: > 
NO FAILURE, 
BUT PROVEN 
+ (cIK/dt) ~a < LIFE REDUC ED IF; -(dK/dt) 0 
NO EFFECT 
ON VALUE OF 
+ (dK/dt) .l a « -{dK/dt l PROOF TEST IF: 10 
THUS INFORMATION NEEDED IS: 
FLAW GROWTH OAT ..... DEPRESSURIZATION DATA 
K K PRESS. K 
TIME (cI</dt).la TIME TIME 
Figure C2: INFORMATION REQUIRED FOR SOLUTION 
TIME 
(:Ii (~A~- -_ -_-_-_-=---~_ -_-=-_ -:_ -- -- -Ie 2 ? Ie 
Figure C3: ARITHMETIC INTEGRATION PROCEDURE FOR STRESS INTENSITY 
RATIO VERSUS TIME CURVES (Schematic) 
86 
it'''11\1:' ":'~,:tn::rl)"~',\IIt!'l' I' ~.~ •. t<, ~ " ,1iW. a·',. ,oi" ",."J 'll'f' 
--- - --------- Klc 
----
........ 
"~ --- ~ 
°t '\ '~, "'~ ---> <-----J 
-~~~~~~~. ...... , '< 
--
.... v 
. "TH 
-----
KIt/Klc o. Max Possible Kn/K1c 
After Proof Heat Treated 6A1-4V Titanium Vessels Proof Tested WIth Gaseous Hellum 
KTH In Helium = 0.90 K lc 
~ 
..... , fitUUtl,UihlUl' 
0.6 
Proof Test Factor a = 1.33 
- - -Assuming No Flaw Growth 
During Depressurization 
---With Flow Growth During 
Depreuurtzatlon 
I I 
8 9 10 
TIME TO DE"'RESS~IZE TO MAX OPERATING PRESSURE, MINUTES 
Figure C4: THE EFFECT OF DEPR~SSURIZAT'ON TIME ON VALUE OF THE PROOF TEST 
(Thick Walled) 
00 
00 
a 
.", ; ; " 
,. THICK WALL ED ,. SPECIMENS 
~'.50" 
7 
6.30" 
/ 
0.40" 
APPROXIMATE a. =-0.085" I 
FLAW SIZE: 2c. =0.210" I 
MATERIAL: 6AI-4V Ti STA Forging 
ENVIRONMENT: Gaseous Helium (Q) R. T. 
QUANTITY 
TESTED: 
- STATIC Klc TESTS: 2 
- SIJSTAINED LOAD 3 
(With Strain Records' 
- SUSTAINED LOAD 2 
(Lost Strain Records) 
- PARTIAL GROWTH TEST 
- SUSTAINED LOAD WITH (1) 
RAPID UNLOADING 
.. THIN WAllED" SPECIMENS 
a. = 0.03" 
I 
2c. = 0.174" 
I 
6AI-4V Ti STA Forging 
Gaseous Helium (ri) R. T. 
2 
11 
4 
3 
( 2 ) 
Figure C5: SPECIMEN CONFIGURATIONS, QUANTITIES AND MATERIALS 
<Xl 
-0 
~ • .------r'--------________________________________________ _ 
• ALL SPECIMENS WERE TESTED IN A 60 KIP DYNAMIC TESTING MACHINE 
- LOADS WERE APPLI ED US I NG A RAMP PROGRAMMER 
- LOADS CONTROLLED TO ± 1/2 % 
• He GAS WAS CONTINUOUSLY SUPPLIED INTO CONTAINER ENCLOSING 
SPECIMEN 
• LOADS AI~D STRAINS WERE CONTINUOUSLY RECORDED ON OSCILLOGRAPH 
& TAPE RECORDER (Scale: 1. 25 "I sec. ) 
• FLAW GROWTH MEASUREMENTS WERE OBTAINED 
- IND:RECTLY FROM FLAW OPENING STRAIN DATA 
STEP LOADED SINGLE LOADED 
SPECIMENS 
,/ SPECIMENS Strain , 
LOAD LOAD Shain 
OR Load OR Load STRAIN STRAIN (/ 
TIME- TlME-
- DIRECTLY FROM SUSTAIN LOADED, FATIGUE MARKED, AND STATICALLY 
FAILED SPECIMENS 
FIgure C6: TEST PROCEDURES 
t 
WHERE: 
~£a = 
~£p = 
FLAW OPENING STRAINtlf:- ~g 
..l£ =..l£ +..l£ a p 
Change in Strain Due to Flaw Growth 
Change in Strain Due to Plastic Defor-
mation at the Flaw Tip 
= C (J ..l (JO-) FROM THEORETICAL ANALYSES BY GREEN, 
SNEDDON AND IRWIN 
= UNKNOWN BUT BEll EVED TO .... O WHEN wltn I S SMALL 
FOR SPEC IMENS TESTED wltn--.O 
Figure C7: COMPONENTS OF FLAW OPENING STRAIN (Thick Specimens) 
-0 
..... 
w , 
o. 
I 
~~=f---
• TEST SUSTA IN LOADED AND FATI GUE 
MARKED SURFACE FLAW SPEC IMEN 
Fracture ~~ 
Face 
Initial 
Flaw 
Final 
Flaw 
MEASURED • ( IL-__ ---:------------I. 
• FROM FRACTURE FACE 
• COMPUTE C 
Measure: aj , 2C j , af and 2Cf 
Compute: (al JQ}I and (al lO)f 
~(allO) = (al JQ)f - (allO)j 
C = ~( 
(J ~(al 10) 
TIME AT LOAD 
Figure C8: EVALUATION OF THE CONSTANT RELATING FLAW OPENING STRAIN 
TO FLAW GROWTH 
, 
j 
OSC I LLOGRAPH 
RECORD J 
E L---=====~-- Onr,et of Rop;d ~ n€ 
..l Pro!Jogati on 
(K
Ic
) 
TIME 
MEASURE (a/Q). FROM FRACTURE FACE 
I 
OBTA I N (a/Q) & K vs TIME CURVES 
a/IQ = ~ ( Co 
K = 1.1./7T 0 (a/Q)1/2 
a/Q 
~ ARITHMETICALLY ~ 
DIFFERENTIATE TIME 
d(a/Q)/dt 
K -------~ 
TIME 
Figure C9: DETERMINATION OF K VERSUS d(a/Q) Idt CURVES 
A 
.... , » 
• STATIC Klc TESTS 
Specimen # ST-2 K = 55 6 J 
I c • f, Average 56.5 Ksi lin 
Specimen # ST-3 Klc = 57.5 \ (compares To A Range Of 46 To 55) 
On Alpha Strlnger Contract 
• PARTIAL GROWTH TESTS NAS 9-8809 
Specimen 1t ST-1 SustaIn Loaded For 756 Seconds, 
Fatigue Marked And Fractured. Used To DetermIne C 
C = 3.373 x 10-6 
• SUSTAINED ,=-OAD SPECIMENS 
SPECIMEN Kli Klc TIME KI/KIc 
NUMBER KSI/TN 
FROM STRAIN TO FAIL~E (STRAIN DATA) 
DATA 
ST-7 
(Step-loaded) 55.5 55.6 3. '5 Sec, .998 
ST-4 56,3 (Step-loadeci) 57,4 
'74.7 Sec, .982 
ST-8 
(Single-loaded) 49,7 50 . .5 9 Sec.* .987 
ST -5 
(Si ngl e-loaded) 51. 6 Not Obtained 3 Sec, Not Obtained 
ST-6 
(S:ngle-loaded) 50.1 Not Obtained 1 Sec, Not Obtained 
-
* Slight Load Increase During Test Run 
Figure CIO: TEST RESULTS ( Thick Specimens) 
~ AVG, STATIC Klc 
.982 
.993 
.878 
.911 
.893 
I 
• 
b ^00
SPECIMEN #S^
Z 41 000	 (Time to Failure ^- ?4.7 Sec)^
Z	 i
ZL 21000-	 Onset of Rapi J Propagation
Z
^	 0
1 Second
TIME AT LOAD
6,000-	 1
SPECIMEN #ST-7
z 4,000	 (Time to Failure	 3.5 Sec)
Z	 Onset of Rapid Propagation
ZL 2,000-
Z
0
1 Second
TIME AT LOAD
61000
Z	 SPECIMEN #ST-8
41000
	
(Time to Failure - 9 Sec)
Onset of Rapid Propagation2,000-
Z
c	 ti
0
lael Second"I
TIME AT LOAD
* '
7 pecimen Thickness - 0.4"
Figure C11:OSCILLOGRAPH RECORDS FOR "THICK"* SPECIMENS
( Last 4 to 5 Seconds Prior to Failure )
94
)"f' : ' : •• " I :.,.':', ";., 
I 
1. 0 
,9 8 
.9 6 
.9 4 
-.0 KI./KI 01 I c 
,9 2 
,90 
.8 0 
,. ; 
! , 
• L 
-
• • ... .... / • -, i • .
. ~ , . • / I 
-
.-/ / / / 
.. 
·1 !/ • // 
• I ./ Estimated Curve Used / - In Preliminary Analysis, 
-
,/'/ J October 1968 SPECIMEN -----,..---- • ST-4 
--"----_. 
• ST-8 
• ST-7 
(J -128 Ksi 
C = 3,373 x 10 -6 
I I I I I I I I I I I I I I I I J J i I I I I I I I II I I I I I I I I I I 1 
1.0 10 100 
d(a/Q)/dt IN }l"/SEC 
1,000 
Figure C12: SUSTAINED LOAD FLAW GROWTH RATE DATA FOR "THICK WALLED" 
fAl-4V TI PRESSURE VESSELS IN GHe AT ROOM TEMPERATURE 
10,000 
.. . 
. 
1.0 
• • ST-7 ST-8 ST~ 
---0 I- ' ....... 
Calculated From Average U Growth Rate Data -
l-
0.8 
I-
I I I I I I " I I I " '" I _1 i I I'll I I I IIIII I I I "" I 
0.10 1.0 10 100 1 ,000 
TIME TO FAILURE, MINUTES 
Figure C13: PREDICTED SUSTAINEO LOAD TIME TO FAI LURE FOR 6A1-4V-Ti 
"TH I CK WALLED II HEll UM PRES SURE VES SE LS 
l.0 
0.9 
0.8 
KIi/KI C 
0.70 
0.6 
A , 
; 
a = 1. 20 
-----
(~ = 1. 33 
a=l.60 
KTH = o. 90 K I c 
Helium 
6A1-4V STA Titanlum 
K I c = 56.5 Ksi lin (Average) 
a = Proof lest Factor 
Depressurization Rate 
(Y :::: 1.33 -- To MDOP I s Constant 
- - - -- '-- ---Curve Presented In Preliminary 
Analysis In October 1968 (Pef.) 
Max. Possible Kn/K lc After Proof 
I I I I J 
1 2 3 4 5 6 7 8 9 
TIME TO DEPRESSURIZE TO MAX. OPERATING PRESSURE, MINUTES 
Figure C14: SIGNIFICANCE OF THICK WALI.£D RESULTS 
.. . 
• THE INITIAL FLAW GROWS UNDER SUSTAINED LOAD 
& BECOMES CRITICAL BEFORE GROWING THRU THE 
THICKNESS 
- Most Probable For Flaws Wh;ch Are Long With Respect 
To The Depth 
- Possible That Flaw May Be Arrested After It "Pops" 
Thru-The-Thickness But It Is Unsafe To Assume That This 
Will Be The Case 
• THE INITIAL FLAW GROWS THRU-THE-THICKNESS UNDI:R 
SUSTAINED LOAD WITHOUT BECOMING CRITICAL AND 
CONTINUES TO GROW SLOWLY UNTIL THE CRITICAL 
THRU-CRACK LENGTH IS ATTAINED 
- Most Probable ror Flaws Which Are Short With Respect 
To The Depth And When The Growth Is Primarily In 
The Depth Direction 
• THE INITIAL FLAW GROWS THRU OR NEARLY THRU THE 
THICKNESS DURING INITIAL LOADING AND THEN 
GROWS SLOWLY UNDER SUSTAINED LOAD UNTIL THE 
CRITICAL THRU-CRACK LENGTH IS ATTAINED 
- Also Most Probable For Relatively Short Deep Flaws 
* NOTE: All Of Thes Types of Behavior Were 
Obsen,et:l In This Program 
Initial Flaw 
Fast Fracture 
Sustained Stress 
Growth Of 
Thru Crack 
Flaw 
--1 -
--
Sustained Stress 
Slow Growth 
Thru- The- Thickness 
L Fast Fracture _ Initial Flaw ~'",-!, 1 I 1/// 
./" ' I ........................... 
Slow Growth 
Upon Loading 
'-Sustained Load Growth 
Figure CI5: TYPES OF SUSTAINED LOAD FLAW GROWTH BEHAVIOUR- IN 
miN MAlERIALS 
, '. '" .:',l.:··~tl:'·,,··'" ,' . , • , '.:.' j'l!Jl.· 
• STATIC Klc TESTS: 
Specimen #15 
Specimen #21 
• SUSTA I NED LOAD lISTS: 
Klc = 48.7 Ksi /In 
Klc = 45.7 Ksl Jfi1 
I Based upon Initial 
Flaw Size and 
, Maxi m urn Load 
- Specimens Where The Flaw Attained Critical Size Prior To 
Growing Thru-The-Thickness: 
SPECIMEN KI~ r KSI !In TIME TO FAILURE 
#3 (Single Loaded) 41.7 21.5 Sec. 
# 6 (Step Laaded) I 39.5 6 Min. 18 Sec. (Last Run) 
# 11 (Singl e Loaded) 40.0 71 Sec. 
-
\#17 (Sinf'le Loaded) 41. 5 47 Sec. 
-
#l6 (Single LoadecO -- 5.7 Sec.** 
-Specimens Where The Flaw Grew Thru-The-Thickness During Sustained 
Load And Failed Under Sustained Load As A Thru-Crack: 
., 
r Kji SPECIMEN , !':SI !Tn TIME 10 F,AIL URE 
~-
# 2 (Step Loaded) 39,2 9 Min. 16 Sec. (Last R. m) 
# 4 (Ster Loaded) 39.7 7 Min. 41 Sec. (La:~ Run' 
#20 (Step Loadedl 39.9 8 Min. 11 Sl'C. ** (Last Run) 
--
* I\ased On Me.lsured Initia~ Flaw Size and Load 
Rapidly Unloaded Just Prior to Fracture 
Figure C16: TEST RESULTS (Thin Svecimens) 
· j 
8 
a 
.. ; 
, 
- Specimens Where I tis Believed The Flaw Grew Thru Or Nearly 
Thru-The-Thlckness On Loading And Then Failed Under Sustained 
Load As A Thru Crack: 
SPECIMEN Kli ' KSI Ifn* TIME TO FAll~E 
# 18 (Single Loaded) 45.6** 2 Sec. 
-
# 10 (5ingl e load£cI) 40.0** 3.1 Sec. 
.-
#13 (Single Loaded) 42.5** 1.9 Sec. 
- Sustained Load Specimens Where No Valid Strain Record Was Obtalned: 
( Gages Broke ) 
SPECIMEN Kii ' KSI rrn tr TIME TO FAILURE 
#7 (Single Loaded\ 40.6 34.6 Sec. 
115 (Single Loaded\ 47.7 8.4 Sec. 
# 14 (Single Loaded) 40.9 4.6 Sec. 
--
II 12 (Step Loaded'l 39.9 56 Sec. (Last Run) 
* Based On Initial Flaw Size And Load 
** Known To Be In Error (Too Low) Because Of Indication 
Of Significant Flaw Growth On Loading 
Figure C16 (ContInued): TEST RESULTS (Thin Specimens) 
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Figure C17: RECONSTRUCTED FLAW OPENI NG STRAI N RECORDS FOR ''THI Nil. 
SPECIMENS WHERE ONSET OF RAPID PROPAGATION (Klc) OCCURRED 
PRIOR TO THE TIME THE FLAWS GREW THRU-THE-THICKNESS 
0 
t.) 
.. 
16,000 
'14,000 / 
Z 
'; 12,000 
z Onset of Rapid ~-----
::t 
£ 10,000 
L ___ .~~O~L _  \ -Estimated ~;'rain Where fi ow Penetrated <{ 0.:: 
t-
VI 
(,') 
Z 
Z 
w 
0-
0 
3: 
<{ 
...J 
u.. 
-_ .. --, 
------- 1 
--_,0_--1----- -
8,000 
6,000 
4,000 
__ --T 
2,000 
0 
, 
_/ 
1 Second 
TIME AT LOAD 
Thru-The-Thickness 
LEGEND; 
---Specimen '3 
---- Specimen '6 
- - •• - Specimen 1117 
- - - - - Specimen 1111 
* t-O.063" 
Figure CI8: OSCI LLOGRAPH RECORDS FOR "THIN"· SPECIMENS WHERE ONSET OF 
RAPID PROPAGATION OCCURRED PRIOR TO THE TIME THE FLAWS 
GREW THRU-THE-THICKNESS (Last 2 to 4 Seconds PrIor to FallJre) 
, 
z 
<t: 
a::: 
I-
VI 
0 
Z 
Z 
w 
a.. 
0 
3 
0 « 
w -1 
~ 
a ; 
18,000 
--+-
6000 
.---t--14,000 Load Z 
~ Estimated Strain Region VI co 
Z Where Flaw Penetrated ~ 4000 -1 
:1. 12,000 \ Thru-The-Thickness 
Rapid 
0' 
Z <t: Unloading 0 
.10,000 - I -1 
III 
I 2000 8000 
Strain 
Estimated Point ~ 
6000 Of Onset Of I 
Second 
Rapid Propagation 
0 
TIME AT LOAD 
Figure C19: OSCILLOGRAPH RECORD FOR SPECIMEN #16 WHICH WAS RAPIDLY 
UNLOADED AFTER ONSfT OF RAPID PROPAGATION (K lc) 
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Figure C20: RECONSTRUCTED FLAW OPENI NG STRAI N RECORDS FOR ''fHI Nil 
SPECIMENS WHERE FLAWS GREW THRU-THE-THICKNESS PRIOR 
TO ONSET OF RAPID PROPAGATION 
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LEGEND: 
Where Flaws Penetrate 
Thru -The -Th i ckness 
-- - -- Specimen #4 
---- -- Specimen #20 
-----Sp~cimen #2 
TIME AT LOAD 
\.--1 Second-~ 
Figure C21: OSCILLOGRAPH RECORDS FOR I'THIN IJ SPECIMENS WHERE FLAWS 
GREW THRU-THE-THICKNESS PRIOR TO ONSET OF RAPID 
PROPAGATION (Last 4 Seconds Prior to Failure) 
~ 
0 
0-
., w p 
20,000 10,000 
Failure 
i 16,000 8,000 l,/ 
"' 
"-
Z Sustained Load Growth ~ .... /' 
- Of A Thru-Crack -- /' :::t 
" 
'" 12,000 I 6,000 Z 
<.n 
4: co 
~ -l 
I-
VI , 
0 C> 4: 
Z 
" 
0 
Z 8,000 I 
4,000 -l 
w 
Estimated Region Where CL.. 0 Flaw Penetrated Thickness 
~ 
4: 
-l 
LL 4,000 2,000 
1 Second 
oL-~~ ______ ~ ________ ~ ______ ~~~~~~ ________ ~ ________ ~ __ ~~O 
TIME AT LOAD 
Figure C22: OSC1 LLOGRAPH RECORD OF SPECIMEN *18 WHERE THE FLAW GREW 
THRU-THE-THICKNESS ON LOADING WITH SUBSEQUENT SUSTAINED 
LOAD GROWTH OF THE THRU-CRACK 
1.0 n v 
0.9 8 
0.9 6 
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;' :~ Obro;ned F,om 51",;" Dolo On /a = 128 KSI 
, I l Spec i men # 17 Conservati vel y / I 
• I Assum;ng ~€=~€a (i. e. ~€ =·0) / ~Ii. p 
/ 
/ 
/ 
I I I II I 
I Mean d(a/Q) / dt From -L-. ----.Ii. 
Partial Growth Test On I )O=116Ksi Specimen #1 & #9 I I 
(May Be High Since I I / I 
It Was Assumed No, .,/ /' / 
./ Growth On Loading) 
--J--
1 L I I I I I I I I I I I I I I I I I I I I I I 
10 100 1,000 
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Figure C23: SU5TAI NED LOAD FLAW GROWTH RATE DATA FOR "THIN" 
6A1-4V TITANIUM STA IN GHe @ ROOM TEMPERATURE 
I 
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I J I I I I I 
10,000 
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(X) 
, 
0.8 0.7 0.6 0.5 
1.0 
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a @ Proof 
cr 
t 
Depressurization 
Rate Is Constant 
(l = 1.33 
KTH = 0.90 KIc 
K JjiK lc After Proof 
KIc = 46.0 
"proof = 130 Ksi 
* Specimen N 1 
0.610~------------~1.~0~----------~2.~0~----------~J~.0~----------~4~.0~--­
MINUTES TO MDOP 
Figure C24: SIGNIFICANCE OF THIN-WALLED RESULTS (Based on Partial 
Growt., Test*) 
" . 
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.. 
)80.7 0.6 0.5 0.4 __ 
Ocr @ Proof 
t 
-Max. K I/K Ie After Proof 
(l := 1. 33 
K Ie := 46.0 
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Figure C25: SIGNIFICANCE OF THIN-WALLED RESULTS 
( Based on Strain Data*) 
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Figure C26: OSCI LLOGRAPH RECORD OF STATIC (Kit) SPECIMEN' 15 
